. Although many studies have implicated various molecules in glaucoma, no mechanism has been shown to be responsible for the earliest detectable damage to RGCs and their axons in the optic nerve. Here, we show that the leukocyte transendothelial migration pathway is activated in the optic nerve head at the earliest stages of disease in an inherited mouse model of glaucoma. This resulted in proinflammatory monocytes entering the optic nerve prior to detectable neuronal damage. A 1-time x-ray treatment prevented monocyte entry and subsequent glaucomatous damage. A single x-ray treatment of an individual eye in young mice provided that eye with long-term protection from glaucoma but had no effect on the contralateral eye. Localized radiation treatment prevented detectable neuronal damage and dysfunction in treated eyes, despite the continued presence of other glaucomatous stresses and signaling pathways. Injection of endothelin-2, a damaging mediator produced by the monocytes, into irradiated eyes, combined with the other glaucomatous stresses, restored neural damage with a topography characteristic of glaucoma. Together, these data support a model of glaucomatous damage involving monocyte entry into the optic nerve.
Introduction
Glaucoma is a leading cause of visual loss. It is a complex disease that is characterized by the loss of retinal ganglion cells (RGCs) and their axons. Major risk factors include older age and higher intraocular pressure (IOP) (reviewed in ref. 1) . Current treatments act to lower IOP but are not effective in many cases (1) . Although glaucoma is estimated to affect over 60 million people, more work is needed to understand the molecular mechanisms that damage RGCs (2) .
The earliest processes that are necessary for RGC injury in the optic nerve and retina are not defined. No neuroprotective treatments that directly target pathogenic mechanisms in the retina or optic nerve are approved for clinical use against glaucoma. To rationally improve patient care, it is necessary to better understand the etiology and pathogenesis of glaucoma and to develop therapies that target the processes that mediate and/or propagate the initial damage to RGCs and their axons in the optic nerve. Since the injury and demise of RGCs occurs asynchronously, with disease progression typically occurring over decades, there is ample opportunity to target these processes. Targeting the initial damaging mechanisms may be able to prevent glaucoma in some, if not many, individuals with high IOP and would have potential to transform patient care.
Studies in humans and animal models have shown that the optic nerve head (ONH) is an important site for glaucoma. RGC axons exit the eye through a specialized region of the ONH that, depending on species-specific anatomy, is known as the lamina cribrosa (LC) or glial lamina. In the LC, bundles of RGC axons pass through astrocyte-lined pores that run through a series of connective tissue beams, which themselves are covered by a network of astrocytes (3) . In the glial lamina of rats and mice, the astrocyte network is present, and bundles of axons run through astrocytic pores or glial tubes, but the connective tissue beams are absent (4) (5) (6) . Despite this difference, the earliest glaucomatous damage to RGCs occurs in this region of the ONH in both species with a LC or glial lamina. Additionally, the characteristic pattern of RGC dysfunction/loss in glaucoma is best explained by the critical requirement for damage to axon bundles in the lamina in both eyes with a LC or glial lamina (4, (6) (7) (8) (9) (10) (11) (12) (13) (14) (15) . RGC axons were shown to be insulted in this region of the ONH in DBA/2J mice, a widely used and inherited glaucoma model (4) . Our studies, to understand early damaging processes that are critical for the manifestation of glaucoma, focus on the laminar region of the ONH.
We previously reported that a single dose of γ-radiation robustly protected the vast majority of treated DBA/2J mice from glaucoma, but we provided no mechanistic insight (16) . The magnitude of the treatment effect and its duration remains unprecedented (96% of treated eyes had no glaucoma a year after treatment; ref. 16 ). In an epidemiological study of 10,000 human atomic bomb survivors in Japan, higher radiation exposure was associated with lower incidence of glaucoma (17) . The most common form of glaucoma in Japan does not involve high IOP. Additionally, IOP was elevated in irradiated mice and was unaltered by the radiation treatment. Thus, radiation appears to protect the optic nerve and retina from glaucoma in multiple species, but the mechanisms of protection are not known. Since the radiation treatment completely prevents glaucoma, it is likely to abrogate a critical damaging mechanism in the ONH.
Here, we used a specifically designed gene expression study to identify very early changes that occur in the ONH during the onset of glaucoma in DBA/2J mice. This genome-wide study found that the first pathway to change significantly is the leukocyte transendothelial migration pathway that is controlled by endothelial cells. Consistent with an early and critical role of this pathway in glaucoma, we show that damaging monocytes enter the ONH of DBA/2J mice prior to neuronal damage but are prevented from entering eyes by the radiation treatment. We also demonstrate that administration of a therapeutically relevant x-ray treatment to a single eye is as protective against glaucoma as whole body γ-radiation.
Results
Bone marrow transfer is not required for protection. In our previously published study, γ-radiation was applied to the whole body and head of glaucoma-prone DBA/2J mice at a young age (~2 months), and bone marrow transfer (BMT) was used to allow the animals to survive (16) . Administration of precursor cells isolated from bone marrow can protect from retinal degenerations (18) , raising the possibility that cells derived from the infused bone marrow conferred the protection against glaucoma. However, given that the atomic bomb survivors did not receive BMT, we reasoned that BMT may not be necessary for the protection from glaucoma in DBA/2J mice. Thus, we tested whether sublethal doses of γ-radiation, which do not require BMT, protect the mice from glaucoma. Sublethal doses of 5.0 and 7.5 Gy (given at 2 months) were highly protective, with 7.5 Gy protecting as well as the original 10 Gy plus BMT ( Figure 1A ). The radiation treatment had no effect on IOP (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI61135DS1). The protection was long lasting, possibly lifelong ( Figure 1A) . Thus, the radiation treatment itself and not cells derived from the BMT confers the protection. These lower and therapeutically more relevant doses did not induce cataracts (see Methods), and no long-term damage to any ocular structure was evident.
Radiation protects from early signs of glaucomatous RGC damage. The radiation treatment prevents the loss of RGCs and their axons (16) . We used 7.5 Gy γ-irradiation to determine whether radiation prevents very early glaucomatous damage to RGCs that occurs as a result of IOP elevation. Small and localized axonal swellings, apparent on individual axons in the glial lamina, are among the very earliest morphologically detectable signs of damage in DBA/2J glaucoma (4) . They are present before detectable RGC or axon loss. Additionally, dystrophic neurites are detected in the glial lamina at the same early stages of glaucoma (4) . The numbers of axonal swellings and dystrophic neurites in the glial lamina of irradiated mice were greatly reduced compared with those in untreated DBA/2J mice (Figure 1 , B-D).
Next, we used 7.5 Gy γ-irradiation to determine whether radiation prevents very early RGC dysfunction. Axonal dysfunction is evident as anterograde transport defects very early in glaucoma (19) (20) (21) and was assessed in irradiated and nonirradiated mice using a fluorescent tracer. Anterograde axon transport was completely preserved in almost all irradiated mice but absent in most untreated mice ( Figure 1 , E and F). The pattern electroretinogram (PERG; ref. 22 ) is a measure of RGC function, independent of intact axon function, and is greatly reduced in glaucomatous eyes prior to significant RGC loss (4, 23) . In irradiated mice, PERG remained normal (Figure 1G ). Together, our experiments show that sublethal radiation protects RGCs from early glaucomatous damage and dysfunction.
Localized irradiation of a single eye prevents glaucoma. Sublethal radiation delivered to the whole animal impacts all tissues/cell types, both within the eye as well as throughout the body. To narrow possible mechanisms (16) and sites that must be irradiated to produce protection, we irradiated either the head or the body (using lead shielding and 10 Gy γ-radiation at 2 months). Mice that received head-only radiation were protected from glaucoma, but those that received body-only radiation were not protected ( Figure 2 , A and B). To assess whether irradiation of just the eyes was protective, we used x-ray radiation. Due to the scattering properties and energy of γ-radiation, it is not possible to irradiate just the eye and shield deeper tissues or the rest of the head from radiation exposure. Like γ-radiation, x-rays are a form of ionizing radiation, but, unlike γ-radiation, they can be focused into a beam. Thus, we collaborated with x-ray physicists to build an x-ray machine that produces a 3-mm diameter beam (approximately equal to the length mouse eye) to irradiate the mouse eye (Supplemental Figure 2 and ref. 24 ). The machine was calibrated so that the retina and optic nerve received the desired dose of x-ray radiation. X-ray energy (35 keV) that resulted in minimal penetration beyond the eye was used. The bone of the eye socket effectively blocked penetration of these x-rays. Using this machine, we assessed a range of x-ray doses (0.6 Gy to 14 Gy, all at 2 months), irradiating both eyes of an animal with the same dose. Demonstrating that ocular irradiation confers protection, eyes exposed to 3.6 Gy or greater were robustly protected from glaucoma (Figure 2 , C-F).
X-ray irradiation protects only the treated eye. Although the above experiments collectively suggest that ocular tissues must be irradiated to induce protection, they do not determine whether each eye must be irradiated or whether irradiation of only one eye can confer protection to the other nontreated eye. Therefore, to provide further mechanistic insight into the protection, 1 eye of each mouse was exposed to x-rays (7.2 Gy at 2 months). Importantly, the vast majority of treated eyes were completely protected from glaucomatous RGC loss, whereas the untreated eyes were not protected ( Figure 2G ). These data suggest that a general radiation-induced immunization, regulatory T cells, or other circulating factors are not primary mediators of the protection. In agreement with this, adoptive transfers of splenocytes from irradiated mice did not confer protection to nonirradiated mice (data not shown). These experiments clearly demonstrate that an eye must be irradiated to be protected, and they reinforce a primary role of local radiationinduced changes within an eye in this protection.
Identifying early stages of glaucoma. As shown above, the radiation treatment prevents very early features of glaucoma. Thus, to understand the protection, we need to identify very early processes that mediate glaucoma. The earliest signs of glaucomatous damage occur in the ONH (11, 25) , in which RGC axons are locally insulted (4) . Therefore, to suggest biological processes and cell types that mediate early glaucoma and that may be impacted by the radiation-induced protection, we analyzed genome-wide gene expression patterns in ONH tissues. Hierarchical clustering is an unbiased computational method for grouping samples based on the similarity of their gene expression profiles. It is a powerful approach for characterizing stages of cancer and other diseases (26) (27) (28) . Here, we used hierarchical clustering to analyze our gene expression data. We used larger numbers of eyes at early stages of glaucoma than in a previous study (26) . We also included eyes that were protected by the radiation treatment. This allowed identification of earlier stages of glaucoma than previously reported. Stage 1, the earliest reported stage, was subdivided into 3 very early stages (stages 1a, 1b, and 1c; Figure 3 ). Importantly, the majority of irradiated eyes were most similar to those in stage 1b ( Figure 3 ). This provides strong molecular evidence that the tissues of radiation-protected eyes experience early glaucomatous stresses, but the molecular pathophysiology is typically stopped at a very early stage.
Glaucomatous stresses/signaling persist in radiation-protected eyes. Pairwise comparisons of stages 1a, 1b, and 1c and the irradiated DBA/2J group with a strain-matched control group without glaucoma Table 5 ). A number of these genes are known to be upregulated by local tissue injury or stress. They encode immunomodulatory, acute phase-response proteins (e.g., Lcn2 and Orm1), complement system proteins (e.g., C3 and C3ar), and chemokine and cytokine/ interleukin receptors and antagonists (e.g., Ccrl2, Il6, Il7r, and Il1rn). The increased expression of these genes in radiation-treated eyes (Rad-D2), along with the increase in activated microglia inside these eyes (see below), is consistent with the continued exposure of their ONHs to high IOP and glaucomatous stresses.
Early activation of leukocyte transendothelial migration pathway in glaucoma.
Bioinformatics analyses (29, 30) of glaucoma stages 1a, 1b, 1c, and 2 identified leukocyte transendothelial migration as the earliest process significantly upregulated in untreated DBA/2J eyes compared with that in the controls without glaucoma (Supplemental Figures
Figure 3
Hierarchical clustering identified early stages of glaucoma. (A) Glaucoma-relevant probe sets were used to cluster eyes based on similarity of ONH expression profiles. All eyes included in this study were at early stages, prior to optic nerve damage (see Methods). Four molecularly defined stages containing at least 5 DBA/2J eyes were identified (stages 1a, 1b, 1c, and 2; named for consistency with a previous study, ref . 26) . Stages were ordered based on the increasing number of DE genes compared with those in the D2-Gpnmb + control group (D2-Gp1) and based on the previous study, which also identified stage 2 and subsequent stages. Normalized intensity values for probe sets are represented as "green to black to red," with green indicating lower normalized intensity values, and red indicating higher normalized intensity values. (B) A summary of the relationships among control groups, stages of glaucoma, and the radiation-treated group. The dendrogram shows that radiation-treated eyes (red) are most similar to eyes of stage 1b. In fact, 10 radiation-treated eyes clustered with the eyes in stage 1b (see A). This demonstrates that stresses and early molecular changes that occur in glaucoma persist in radiation-treated eyes, but the treatment prevents further progression. The sensitivity of this clustering approach is evident by the splitting of control eyes into 2 groups (D2-Gp1 and D2-Gp2, see Methods). (C) Pairwise comparisons between molecular groups and D2-Gp1. The sample number and the number of DE genes for each group are shown. Similar results were obtained when comparing glaucoma stages to D2-Gp2. 4 and 5). This is an important finding, which we believe to be novel, which suggests that changes within endothelial cells may be very important early in glaucoma. Leukocyte transendothelial migration is the process by which circulating cells enter tissues from the blood stream in response to inflammatory signaling induced by local tissue stress. Our identification of transendothelial migration as the first pathway to change makes it possible that neuroinflammatory processes play a primary role in initiating glaucomatous damage.
Figure 4
Genes involved in leukocyte transendothelial migration are expressed at lower levels in radiation-treated eyes compared with those in untreated eyes. (A and B) Many genes in the KEGG (A) cell adhesion molecule and (B) leukocyte transendothelial migration pathways are downregulated in the Rad-D2 group compared with those in the glaucoma stage 2 group (green, significantly downregulated; red, significantly upregulated). (C) The expression levels of the major selectins and selectin ligands are generally lower in the radiation-treated group compared with those at glaucoma stages. For instance, P selectin (Selp) is upregulated by the earliest glaucoma stage but remains indistinguishable from D2-Gpnmb + control values in radiation-protected eyes. In contrast, expression of Glycam1, a glycosylated L selectin ligand, increases in early glaucoma stages and in the radiation-treated group compared with D2-Gpnmb + control group. *q ≤ 0.05.
Radiation treatment alters activation of transendothelial migration pathway.
Leukocyte migration into tissues is a highly regulated process, involving interactions between circulating leukocytes and the vascular endothelium. The selectins mediate the first critical step in the leukocyte-endothelial cell adhesion cascade. Consistent with early inflammatory signaling in radiation-protected eyes, many genes in the leukocyte transendothelial migration pathway are DE compared with those in controls. Importantly, many more genes are expressed at significantly lower levels in the irradiated group compared with the glaucoma groups ( Figure 4 ). Overall, the number of DE genes in the leukocyte transendothelial migration pathway is not significantly different between irradiated eyes and control eyes without glaucoma (Supplemental Figure 4 ). This suggests that the radiation treatment may decrease or prevent cell entry into the eye. Consistent with an effect of the radiation treatment on leukocyte migration into eyes, P selectin (Selp) gene expression is upregulated by the earliest glaucoma stage but remains indistinguishable from control values in radiation-protected eyes (Figure 4 ). The expression of other selectin genes is also lower in radiation-protected eyes compared with untreated eyes (Figure 4 ).
Display of activated L selectin ligands by untreated but not treated eyes. Our data implicate the leukocyte transendothelial migration pathway in both early glaucoma and the protective response to the radiation treatment. To further investigate this, we analyzed L selectin ligands. The display of L selectin ligands by endothelial cells is important for maintenance of a chronic inflammatory response. L selectin-mediated migration of leukocytes into tissue and lymph nodes requires the interaction of L selectin on lymphocytes with peripheral node addressin -a complex of L selectin ligands on endothelial cells (31) . Expression of the genes for the glycoprotein ligands of L selectin (glycosylation-dependent cell adhesion molecule 1 [Glycam1], Cd34, and endomucin [Emcn]) increased during early glaucoma and in radiation-protected eyes (Figure 4 ).
To bind L selectin, its ligands require posttranslational modifications, including a critical sulfation (31, 32) . A sulfation-dependent monoclonal antibody, MECA-79, binds to L selectin ligands at the sulfated epitope that is required for L selectin binding (31) . As local tissue stresses result in cytokine activation of the endothelium and its display of L selectin ligands, MECA-79 is a useful tool for detecting local tissue changes in chronic inflammatory conditions (31) . We used MECA-79 to determine the localization of posttranslationally modified L selectin ligands in glaucoma. Importantly, MECA-79 bound to endothelial cells in blood vessels of the optic nerve and retina of DBA/2J mice ( Figure 5 ). During early stages of glaucoma, when optic nerves appear normal and have no axon loss, MECA-79 binding was locally restricted, being absent from the majority of the endothelium in the optic nerve ( Figure 5 ). These data define MECA-79 as an early marker of local glaucomatous changes and implicate L selectin-mediated leukocyte trafficking as an early event in glaucoma. Remarkably, MECA-79 did not bind to endothelial cells of radiation-protected mice, and so these cells lack known, functional L selectin ligands. Monocytes enter untreated eyes but rarely enter radiation-treated eyes. The effects of radiation treatment that impair the formation of functional L selectin ligands are expected to influence transendothelial migration and may be a critical component of the protection against glaucoma. To determine whether cells actually cross the endothelium and enter the eye during glaucoma and to assess the influence of radiation, we performed a series of experiments. First, we analyzed the number and morphology of IBA1 + cells, a marker for monocytes and monocyte-derived cells, by immunofluorescence. Monocytes are recruited to sites of brain injury from the blood and can rapidly differentiate into microglia and other cell types (33) . Cell accumulation was greatly reduced in radiation-treated eyes compared with that in untreated eyes ( Figures 6 and 7) . In untreated DBA/2J retinas, both ramified and round IBA1 + cells accumulate and are in a responding state (previously called activated; see ref. 34 and Figure 7 ). In radiation-treated eyes, there was no significant difference in the number of responding ramified cells (likely microglia) compared with that in untreated eyes, but the number of round cells was significantly reduced (Figure 7) .
We used the tracer carboxyfluorescein diacetate (CFDA) to directly determine whether cells cross the endothelium and enter the eye during glaucoma. CFDA was injected into the spleens of untreated and irradiated DBA/2J mice to label leukocytes that will enter the circulation. Seventy-two hours later, fluorescently labeled cells were readily detected in the ONHs and retinas of DBA/2J eyes but were not detected in radiation-protected eyes ( Figures 6 and 7 ). This shows that blood-derived cells enter the ONH during early glaucoma and that this entry is greatly diminished in radiation-protected eyes.
Radiation-treatment prevents entry of monocytes with a damaging marker profile. To further assess cell entry into the eye during glaucoma and the effects of the radiation treatment, we used flow cytometry. Confirming the migration of cells into eyes from the circula-
Figure 6
Cells infiltrate into the ONHs of glaucoma-prone eyes prior to glaucomatous damage but were not detected in radiation-treated eyes. (A-F) IBA1 + cell numbers were assessed from the ONH to the myelinated region (anterior to white line) of 10.5-month-old DBA/2J, Rad-D2, and D2-Gpnmb + control eyes by immunofluorescence. (E) An example of the counted IBA1 + cells is shown. The number of IBA1 + cells increased in untreated eyes compared with that in controls but there are significantly fewer in Rad-D2 eyes (P = 0.0002). (G-K) Cell infiltration was assessed using CFDA (injected into the spleens; see Methods). CFDA + cells had entered the optic nerves of untreated DBA/2J eyes (n = 8) but not Rad-D2 eyes (n = 6) or control eyes (n = 6). Fluorescent cells must have taken up CFDA in the spleen. H is a merged view of J (fluorescent) and K (DIC). Arrows indicate location of CFDA + cells. (L) Flow cytometric analysis revealed that CD45 hi CD11b + monocyte numbers increased in the ONHs of untreated 10.5-month-old DBA/2J eyes compared with those in D2-Gpnmb + controls and radiation-treated eyes (P = 0.01). CD45 hi CD11b + monocyte numbers did not increase in radiation-treated eyes compared with D2-Gpnmb + controls (P = 0.96). CD45 hi is a marker of blood-derived infiltrating cells. One-third of the CD45 hi CD11b + cells were also positive for the proinflammatory marker Ly6c + . (M) Flow cytometric analysis also shows that the CD45 hi cells that infiltrate into DBA/2J eyes are CD11b + CD11c + double-positive monocytes. This class of cell is completely absent in radiation-treated eyes (P = 0.0007, compared with untreated eyes). Scale bars: 50 μm (A-C and G-I); 20 μm (D and E and J and K).
tion, cells with a high expression of CD45 (CD45 hi ; a marker of blood-derived cells) were present in untreated eyes at an early stage of glaucoma ( Figure 6 , L and M). One-third of CD45 hi cells were positive for the proinflammatory marker Ly6c (35) . Importantly, there was no increase in CD45 lo cells (resident cells). The number of CD45 hi cells did not increase in radiation-treated eyes compared with that in controls without glaucoma. Other than microglial and monocyte-derived CD11b + cells, essentially no other immune cell types, including T-and B-lymphocytes, were detected (Supplemental Figure 6 ). Again, the number of these CD11b + cells was much lower in radiation-treated mice compared with that in untreated DBA/2J mice ( Figure 6 , L and M, and Supplemental Figure 6 ). In the ONH, the majority of CD11b + cells were also CD11c + in glaucomatous eyes. CD11b + CD11c + cells are likely to have properties of both DCs and macrophages (36, 37) . Compared with DCs, they can have lower antigen-presenting and higher phagocytic activity (36, 38) . Infiltrating, CD45 hi CD11b + CD11c + cells are early responders to experimentally induced optic nerve injury (37) and appear to play a role in the damaging inflammatory response to cerebral ischemia (39) . Remarkably, CD45 hi CD11b + CD11c + monocytes were absent in radiation-protected eyes ( Figure 6M ). Since the earliest known insult to RGC axons occurs in the ONH, and because radiation treatment prevents all detectable signs of glaucoma, including functional defects, it is possible that these monocytes enter the eye and initiate RGC injury.
Further experiments support the theory that radiation protects by preventing monocyte entry. If radiation treatment protects from glaucoma by preventing the entry of monocytes into the eye, we can make 2 predictions. First, radiation would not be expected to protect from mechanical insults that directly damage RGCs. To test this, we directly damaged RGCs by crushing their axons in the optic nerve. As predicted, the radiation treatment conferred no protection against this direct optic nerve injury (Supplemental Figure 7 ). Second, adding damaging mediators that are produced by monocytes that enter untreated eyes, but are reduced or absent in radiation-treated eyes, may induce RGC demise in treated eyes. Endothelin-2 is produced by monocytes that enter untreated eyes. The endothelins are implicated in human glaucoma and a variety of relevant animal models (26, (40) (41) (42) (43) . Expression of the endothelin-2 gene, Edn2, is significantly decreased in radiation-treated eyes, which also have greatly reduced (almost absent) numbers of EDN2 + monocyte-derived cells (Figure 8 ). Importantly, intravitreal injection of EDN2 induces substantial damage in radiation-treated DBA/2J eyes but not in control mice (Figure 9 ). This substantial damage is only induced during the period of IOP elevation. This is not unexpected, as other damaging mediators in addition to EDN2 are made by monocytes, and other IOP-induced stresses are expected to conspire with EDN2 to damage the neurons. Importantly, the EDN2-induced damage occurs in sharply delimited sectors (a key hallmark of glaucoma; refs. 6, 14) , and the proportion of eyes with damage matches that of untreated glaucomatous DBA/2J mice. Collectively, our data provide strong evidence that monocytes mediate early damage in glaucoma and that radiation treatment protects from glaucoma by preventing their entry into the eye.
Discussion
Our data provide several fundamental advances in understanding glaucoma. First, our gene expression data and subsequent functional tests showed that local stress in neural tissues, in response to high IOP, induces proinflammatory signaling and the activation of transendothelial migration. The transendo-
Figure 7
Entry of cells into the retina from the blood occurs in early glaucoma but is greatly reduced in radiation-treated eyes. (A-D) The entire nerve fiber layer and ganglion cell layer of flat-mounted retinas was assessed for IBA1 + CD68 + cells. CD68 is a marker of activated or responding cells (95) . Cells were classed as either ramified (elongated bodies and obvious processes) or round (rounded bodies that lacked prominent processes). (B-E) Images from untreated DBA/2J eyes are shown as examples. In untreated DBA/2J and radiation-treated eyes, mosaics of IBA1 + CD68microglia were present (big arrows). In untreated eyes, the number of ramified (small arrows) or round (arrowheads) IBA1 + CD68 + cells increased significantly (P < 0.001 for both comparisons) compared with that in controls. In radiation-treated eyes, the number of CD68 + ramified cells also increased significantly compared with that in controls and was not significantly different than that in DBA/2J eyes (P = 0.2). However, there were significantly fewer CD68 + round cells in radiation-treated eyes (*P < 0.001). No changes were observed to IBA1 + cells in other layers of the retina (data not shown). (F-H) Infiltration of cells was assessed using CFDA in 10.5-month-old mice. Both round and ramified cells that were positive for CFDA (arrows) were present in the retinas of DBA/2J eyes, indicating infiltration from the blood stream. CFDA + cells were not detected in the retinas of radiation-treated or D2-Gpnmb + control eyes (data not shown). Scale bars: 500 μm (A); 50 μm (B-D); 10 μm (F-H).
thelial migration pathway is the first pathway to significantly change in glaucoma, being activated prior to changes in highly sensitive measures of neuronal dysfunction and neural damage. Second, we clearly showed that the entry of monocytes (and/or monocyte-derived cells) into the eye occurs very early in DBA/2J glaucoma and prior to neural damage. Third, we showed that a 1-time treatment with x-rays protects a treated eye from glaucoma. This treatment alters endothelial cell activation in the face of proinflammatory signaling and abrogates migration of monocytes into the eye. Adding a damaging molecule that is made by the monocytes to irradiated eyes, along with other glaucomatous stresses, restores neural damage, with a topography that is characteristic of glaucoma. Together, these data strongly imply that monocyte entry is required for neural damage to occur. However, further experiments that prevent monocyte entry independent of any radiation treatment are required to definitively prove if this is so. Although not directly assessed, a functional role of invading monocytes in glaucomatous RGC death may be supported by an independent study showing that a mutation in the Itgam gene, which encodes CD11b, protects from RGC death subsequent to laser-induced IOP elevation (44) . Although increased expression of proinflammatory molecules was previously documented in glaucoma and animal models with experimentally raised IOP (26, (45) (46) (47) (48) (49) (50) , in most studies they were not timed in relation to disease stage, and it was not known that these changes were required for neural damage. In addition to endothelial cells and leukocytes, neuroinflammatory processes are likely to be controlled and mediated by both microglia and astrocytes (34, 51) in the ONH during glaucoma. For example, astrocytes may initially respond to high IOP and/or other glaucomatous stresses by activating early inflammatory signaling (reviewed in ref. 52) . It is likely that early inflammatory signaling protects against local tissue stresses (metabolic/biological stress and mechanical strain) or injury. A protective role of ocular inflammation against RGC degeneration has been shown after axon injury (53, 54) .
However, after prolonged IOP elevation and/or exposure to other stresses, the initially protective response may develop into chronic and damaging inflammation. Immune dysfunction is reported to contribute to some forms of glaucoma (55) , and both protective and damaging roles are suggested for T cells (reviewed in ref. 56 ). However, the roles of T cells in glaucoma require further clarification. In agreement with some published studies (57), our current study did not detect or implicate T cells. In another study, experimental induction of high IOP upregulated the cytokine TNF. This induction was sequentially followed by microglial activation, loss of oligodendrocytes, and delayed loss of RGCs. It was suggested that microglial activation damages oligodendrocytes, resulting in RGC loss (44) . However, oligodendrocyte loss occurs later in the inherited DBA/2J glaucoma and appears to be a secondary response to damage (58) .
To our knowledge, the present study is the first to show the transendothelial migration of monocytes into neural tissue of the eye after IOP elevation and to suggest a primary importance of this monocyte entry for glaucomatous neural damage. Leukocyte migration into tissues is a highly regulated process, involving complex interactions between circulating leukocytes and the vascular endothelium. The selectins are key adhesion molecules displayed on leukocytes and endothelial cells. They mediate the first critical step in the leukocyte-endothelial cell adhesion cascade and are necessary for leukocyte tethering, rolling, and subsequent transendothelial migration from blood vessels into tissues (reviewed in ref. 59 ). Unexpectedly, our data implicate the aberrant regulation of selectins and their ligands as an early pathogenic event in endothelial cells of the ONH that is required for the initiation of glaucomatous damage. Also unexpected, our data show that a 1-time radiation treatment prevents the display of activated L selectin ligands by endothelial cells at a much later age. Endothelial cells in radiation-treated eyes do not display functional L selectin ligands, as assessed by MECA-79, an antibody that specifically detects functional ligands and serves as a new and early biomarker for glaucoma. Expression of E selectin was previously reported as a biomarker in the drainage structures of human eyes with glaucoma, but it was not determined whether this was an early pathologic event or a secondary response to damage (60) . That report did not assess whether E selectin had a pathophysiological role in either IOP elevation or glaucomatous neurodegeneration.
Figure 8
EDN2 increases in glaucoma but not in radiation-treated eyes. (A) Edn2 expression is upregulated in glaucoma but not in radiation-treated eyes. (B) EDN2 + IBA1 + cells are readily detected in retinas of untreated DBA/2J eyes but are rare in radiation-treated eyes. Scale bar: 20 μm. (C) Endothelin-2 is a potent vasoconstrictor, and the ratio of vascular lumen to overall vessel diameter was decreased in DBA/2J eyes with moderate and severe optic nerve damage (MOD+SEV) compared with that in eyes with no glaucoma (NOE, P = 0.001). This ratio was not decreased in Rad-D2 eyes compared with that in NOE eyes (P = 0.78, n > 6 in all groups). Rad-D2 eyes had very little EDN2, and vasoconstriction was prevented to the same degree as in eyes treated with an EDN receptor antagonist (Bosentan, ref. 96 , P = 0.90). *q ≤ 0.05.
It is not simple to envision how radiation protects in the long term, especially as early glaucomatous stresses are still present in radiation-treated eyes. One possibility is that radiation induces long-lasting epigenetic changes (61) that alter gene expression and prevent glaucoma. Given the need to treat local cells for protection, it is likely that the radiation somehow alters a local cell population, or possibly populations of different cell types, that normally contribute to the early pathogenesis of glaucoma. Possibly affected cell types include stem cells, resident microglia, and astrocytes (16) . Stem cells have not been implicated in glaucoma pathogenesis, and we have not documented obvious changes in resident microglia in radiation-treated eyes, compared to untreated eyes, at these early stages. Under stress conditions, astrocytes can produce cytokines and other molecules and so are capable of initiating and controlling early inflammatory responses in glaucoma (reviewed in ref. 51) . Our gene expression data show that the early inflammatory responses are intact in radiation-treated eyes but that the entry of monocytes is prevented. Collectively, our data strongly support transendothelial migration of monocytes as a primary step for initiating or propagating neural damage during early stages of glaucoma, a step that is prevented by radiation treatment.
It is not clear how radiation suppresses invasion of monocytes in the long term, including still-unborn monocytes that are remotely located. Endothelial cells are a key cell type in locally controlling transendothelial migration of monocytes and the nature of inflammatory responses. Our data show that endothelial cells are somehow changed by the radiation treatment. In radiation-treated eyes, there is altered expression of various endothelial genes that control transendothelial migration. Additionally there is abrogated activation of L selectin ligands. Thus, endothelial cells may be directly impacted by the effects of irradiation, resulting in modulation of a neuroinflammatory process that is critical for glaucoma development. Expression of the endothelial gene Glycam1 is greater in radiation-protected eyes than in early glaucoma ( Figure 4C ). GLYCAM1 is one of the glycoprotein ligands for L selectin, which is secreted from endothelial cells and is present in normal serum (62) . Expression of Glycam1 is upregulated in 4.5-month-old mice (2 months after irradiation; data not shown), long before the onset of glaucoma in our colony of DBA/2J mice. Thus, the steady-state expression of Glycam1 is increased long term and may explain the radiation protection. Secreted GLYCAM1 is likely to modulate endothelial-leukocyte interactions, leukocyte-leukocyte interactions, and L selectin-mediated intracellular signaling that modulates transendothelial migration (63) . GLYCAM1 secretion was inversely related to leukocyte transendothelial migration from blood (64) . Thus, the radiation treatment induces a long-term increase in Glycam1 expression, which may be a key factor inhibiting entry of monocytes into the optic nerve during very early glaucoma. Further experiments will test this possibility. If correct, the manipulation of Glycam1 expression may prove effective against a variety of inflammatory conditions.
Our data support what we believe to be a new model in which monocytes are essential for glaucomatous damage and suggest that glaucoma is primarily a neuroinflammatory disease. Much of the field has focused on astrocytes, microglia, and RGCs themselves, with some interest in the endothelial control of blood flow (65) (66) (67) . Our demonstration that specific radiation of the eye can prevent glaucoma is an important finding. Since localizing tissue irradiation to the relevant tissue is therapeutically desirable, we developed an x-ray machine to specifically irradiate the mouse eye. Ocular radiation proved highly effective at preventing glaucoma, being much more effective than even the most robust of the other reported treatments in the same mouse model (e.g., refs. 26, [68] [69] [70] , with the exception of whole body irradiation (16) . It will be important to extensively evaluate the efficacy and safety of this treatment in other mammalian and primate models. The potential dangers of radiation exposure are well documented. Side effects vary depending on the dose and length of exposure but can include cataracts and cancer (71) . It is difficult to explain why some individuals are detected with glaucoma subsequent to
Figure 9
Restoring EDN2 to radiation-treated eyes induces a pattern of damage that is characteristic of glaucoma. EDN2, injected into the vitreous of radiation-treated eyes, caused glaucoma-like RGC damage that was not observed in control eyes. (A) Most radiation-treated, EDN2-injected DBA/2J eyes had moderate and severe optic nerve damage. This was not the case for EDN2-injected untreated D2-Gp or radiation-treated D2-Gp eyes or eyes injected with vehicle (1× PBS, n > 15 each group, all age matched). D2-Gp mice do not develop high IOP and glaucoma, and so EDN2 induces the most damage in eyes that have high IOP and possibly other stresses that are not sufficient by themselves to induce glaucoma. Thus, EDN2 is a damaging factor that conspires with other stresses to induce glaucoma but is diminished in radiation-treated eyes. (B) Axon counts demonstrated a significant increase in axon loss in radiation-treated, EDN2-injected DBA/2J eyes compared with that in D2-Gpnmb + controls (*P < 0.0001). (C) Radiation-treated, EDN2-injected DBA/2J eyes had fan-shaped patterns of RGC loss, with discrete borders in the retina and regional axon loss in the ONHs (key characteristics of glaucoma). NFL, Anti-neurofilament antibody. Fan-shaped patterns were not observed in D2-Gpnmb + or radiation-treated D2-Gpnmb + controls. V, vessel. Scale bars: 100 μm (retina); 50 μm (ONH). radiation treatment for ocular tumors. The different outcomes may result from parameters that differ to those in our experiments and may include age at treatment, radiation dose or exact timing and duration of treatment, and/or individual genetic makeup. On the other hand, it is possible that radiation treatment (or other treatments that alter transendothelial migration) may have prevented glaucoma in some individuals, but this is not known as it is not possible to predict glaucoma development prior to the onset of disease features. The great success of localized x-ray radiation in our study suggests that it may be possible to develop safe, radiation-based treatments of the eye or optic nerve that may be effective against human glaucoma. Potential protective effects of radiation have been considered for a long time (72) (73) (74) (75) . Recently, radiation (0.65 Gy) was shown to protect against retinal degeneration in 2 mouse models (76) . Since the protection in that study diminished with time, and the dose was well below the protective dose we demonstrate here, the protective mechanisms are likely to be different from those studied here.
The control of transendothelial migration is very complex and highly context dependent. Therefore, it may not be straightforward to develop highly effective nonradiation-based therapies to lessen glaucoma by preventing monocyte entry into the ONH. Steroids are known to reduce transendothelial migration. In some individuals, steroid use can actually lead to glaucoma (77) . This appears contradictory to our findings, but IOP levels are often very high in steroid glaucoma, and this very severe insult may overwhelm any protective antiinflammatory effect. Alternatively, endothelial cells in different vascular beds may behave differently in response to steroids, with possibly a smaller effect on transendothelial migration in the ONH compared with that in other tissues. Statins are also known to reduce transendothelial migration. Interestingly, some studies have shown that long-term statin use appears to be associated with a reduced risk of open-angle glaucoma (78, 79) . However, given both the robust and long-term efficacy of a single dose of xray radiation in preventing cellular entry into the optic nerve and retina, it will be important to further evaluate the use of x-rays for preventing glaucoma and other inflammatory conditions.
Methods
Mouse strain, breeding, and husbandry. Mice were housed in a 14-hourlight/10-hour-dark cycle, under previously described conditions (80) . For gene expression profiling, all mice were female and, to minimize environmental differences, were housed under the same conditions in same animal facility. Our DBA/2J mouse colony is routinely crossed with DBA/2J mice from The Jackson Laboratory production facility to prevent genetic drift. The D2-Gpnmb + strain (DBA/2J-Gpnmb + /Sj [D2-Gp]) was used as a control strain and rarely if ever develops glaucoma in our colony (81) . Details for DBA/2J.Thy1(CFP) have been described previously (4) .
γ-Radiation treatment. A lethal dose (10 Gy) of γ-radiation plus bone marrow reconstitution was administered as described previously (16) . Briefly, mice were positioned on a slowly rotating platform to ensure uniform application. Radiation was applied from a 137 Cesium source in 2 equal doses of 5 Gy spaced 3-4 hours apart. Shortly after the second dose, mice received 200 μl intravenous injections containing 5 × 10 6 bone marrow cells (16) . For sublethal doses, mice were exposed to radiation as described for lethal doses but for a shorter periods of time. No bone marrow reconstitution was necessary. For head-only and body-only irradiation, mice were placed individually into a conical tube and placed inside a cylinder of lead shielding with 8-cm thick walls, so that either only the head or only the body and neck were exposed. The shielding system was refined with testing to ensure that, for head-only radiation, the body received no measurable dose of radiation. Likewise, for body-only radiation, the head received no measurable dose of radiation.
X-ray radiation treatment. An X-ray machine was specially built to deliver defined doses of x-rays to only the eye region. The machine was designed to produce a 3-mm diameter beam and calibrated for accurate dosing of x-rays to the back of the eye at the retina and ONH. Mice were initially swaddled to keep them calm and motionless. Later, when it was determined that anesthesia had no affect on the protection, mice were anesthetized with isoflurane. Mice were placed in a restraining device and positioned 1-mm away from the end of the x-ray delivery tube. Eyes were exposed to defined doses of radiation by varying the time of exposure (e.g., 4 minutes for 7.2 Gy). To ensure that the bony orbit was effective at blocking x-rays from penetrating deeper, the cranial skull and a portion of brain from sacrificed mice were removed. X-ray film was then placed directly behind the orbit, and the eye was exposed to different doses of radiation.
Analysis of glaucomatous damage. Intracranial portions of optic nerves were processed and analyzed as previously described (16, (82) (83) (84) . Briefly, optic nerves were fixed in situ for 48 hours, dissected free, processed, and embedded in plastic. One-micron-thick cross sections of optic nerve from behind the orbit were cut and stained with paraphenylenediamine (PPD). PPD darkly stains the myelin sheaths and axoplasm of sick or dying axons but not healthy axons (85) . The 3 clearly distinguishable stages of damage were as follows. (a) In the no or early (NOE) stage, less than 5% axons were damaged. This amount of damage was seen in age-matched mice of various strains that do not develop glaucoma. It is called NOE, as some of these eyes were undergoing early molecular stages of disease, but they were not distinguishable from eyes with no glaucoma by conventional morphologic analyses of axon number and nerve damage. (b) In the moderate (MOD) stage, there are many damaged axons throughout the nerve, with an average of 30% axon loss. (c) In the severe (SEV) stage, there was very substantial axon loss (>50% lost) and damage.
Clinical examination, IOP measurements, axon counts, and RGC soma assessment. DBA/2J mice develop a disease of the iris that leads to IOP elevation and glaucoma. Clinical examinations were performed as previously described (86) . The clinical examinations included evaluation of the lens for cataracts. For clinical examinations, at least 20 and typically more than 40 eyes from each genotype or treatment group were examined at 6, 8, 10, and 12 months of age. We have studied hundreds of animals that were aged for more than year after radiation treatment and detected no higher prevalence of cataract in γ-radiation-treated eyes compared with that in untreated eyes. The prevalence of readily detectable cataracts was no greater in 7.2 Gy x-raytreated eyes compared with that in nonirradiated DBA/2J mice, but very mild cataracts were present in a number of these eyes. No additional ocular morbidities (such as tumors) were detected during clinical examinations. Also, during this study, hundreds of radiation-treated eyes were dissected and assessed by light, fluorescent, confocal, and electron microscopy, and no tumors were observed. Finally, we have aged and assessed irradiated (7.2 Gy eye-only x-ray radiation) and nonirradiated C57BL/6J mice (n = 20 each group) that are heterozygous for a mutation in the Trp53 gene that predisposes mice to tumor formation. We did not observed a higher incidence in ocular tumor formation (assessed by detailed clinical examinations) in irradiated mice compared with that in nonirradiated mice.
IOP measurements were performed as described previously (87, 88) . IOP elevation was confirmed in all cohorts of mice used in this study. Although IOP was not measured in every mouse, many mice in each protected cohort were confirmed to have high IOP. Mice were aged and analyzed with no specific selection criteria for inclusion.
Axon and RGC layer soma counts were preformed as described previously (4). Two-tailed Student t tests were performed for statistical significance. P < 0.05 was considered significant.
Anterograde axon transport. Ten-month-old mice were injected with 1-2 μl (1 mg/ml) Alexa Fluor 594-Cholera Toxin subunit B conjugate (Invitrogen) into the vitreous, using a Hamilton syringe with a 35-gauge needle. After 48 to 72 hours, they were anesthetized and euthanized via 4% PFA cardiac perfusion. Brains were submersion fixed for 24 hours after perfusion, cryoprotected in 30% sucrose overnight, OCT cryoembedded, and sectioned at 50 μm. Alexa Fluor 594 was visualized using an SP5 confocal microscope (Leica).
Assessing RGC axon damage in D2.Thy1-CFP and irradiated D2.Thy1-CFP mice. Dystrophic neurites and regions of focal damage (axonal swellings) were assessed as described previously (4) . Briefly, eyes were fixed, and retinas with ONH still attached were flat mounted onto a slide, inner retina uppermost, and coverslipped. An SP5 confocal microscope (Leica) was used to visualize CFP fluorescence. Location within the ONH was determined using the position of the central retinal vessels as landmarks as described previously (4) .
PERG. Pattern electroretinography was measured as previously reported (22, 23, 89) . Mice from our colony were shipped in a "masked" fashion to the University of Miami, Miami, Florida, USA. Full-field, flash ERG was used as a control on all mice (an outer retina signal that is not affected by RGCs), and it did not differ significantly between control and glaucomatous DBA/2J mice.
Genome-wide gene expression profiling. Tissue harvesting and RNA isolation and processing for microarrays was as described previously (26) . Briefly, the ONH was excised using a sharpened 1-mm glass capillary centered over the optic nerve. The punched out nerve head was immediately placed in RNAlater (Ambion). This tissue is substantially enriched for the glial lamina (26) . For RNA preparation, total RNA was isolated using the RNeasy Micro Kit (Qiagen). For RNA labeling and microarray processing, biotin-labeled cDNA was synthesized separately from 20 ng of each total RNA sample per the manufacturer's protocols (Ovation Biotin System, NuGEN). 2.5 μg of each biotin-labeled and fragmented cDNA sample was then hybridized onto Mouse Genome 430 v2.0 GeneChip arrays (Affymetrix). Staining and washing after hybridization were performed according to the manufacturer's protocols using the Fluidics Station 450 instrument (Affymetrix). Finally, the arrays were scanned with a GeneChip Scanner 3000 laser confocal slide scanner. The images were quantified using GeneChip Operating Software v1.2. Probe level data were imported into the R statistical software environment, and expression values for each probe set on the array were summarized using the robust multichip average method with quantile normalization in the R/affy package (90, 91) .
All mice were aged and harvested over the same time period. All 80 samples were processed at the same time, and quantile normalization of all of the arrays was performed. All data are available in the GEO database (NCBI, accession no. GSE26299; http://www.ncbi.nlm.nih.gov/geo/). Results from a previously analyzed subset of samples were previously published (26) . A subset of 50 of these samples was analyzed for the first time during the current study. These 50 ONH samples (10 D2-Gpnmb + control samples, 20 NOE DBA/2J samples, and 10 radiation-treated DBA2J samples all at 8.5 months of age and 10 radiation-treated DBA/2J samples at 10.5 months of age) were combined with the 30 samples described previously (10 D2-Gpnmb + samples and 20 NOE DBA/2J samples, both at 10.5 months of age; ref. 26) , and all 80 were analyzed together for the current study.
Defining early stages of disease using hierarchical clustering. By comparing controls without glaucoma to all standard DBA/2J eyes, a set of disease-associated probe sets was identified as previously reported (26) . These probe sets were used to perform hierarchical clustering of the 80 ONH samples (using JMP Statistical Discovery v7.0 software). Using the average distance metric, hierarchical clustering started with each eye as its own cluster. At each step, the clustering algorithm calculated the distance between each cluster and combined the 2 clusters that were closest together. This continued until all the points were in one final cluster or dendrogram. To identify samples that clustered into specific glaucoma stages, a threshold or cutoff was applied as described previously (26) . The threshold was very similar to that reported, and the samples that clustered in stage 2 in that study also clustered together in the current study (along with a few additional samples). Thus, stage 2 was recreated in the current study. In contrast and due to the study of more eyes at very early stages of glaucoma, the samples that were in stage 1 in our previous study clustered into 3 new molecular stages that contained many of the newly analyzed samples. The new clusters represent newly identified glaucoma stages (referred to as stages 1a, 1b, and 1c for consistency), each of which contained at least 5 samples. Hierarchical clustering identified a group of 10 radiation-treated eyes (Rad-D2 eyes) that were most similar to untreated eyes in stage 1b. D2-Gpnmb + control eyes clustered into 2 groups (D2-Gp1 and D2-Gp2). This indicates that, despite no visibly detectable differences between samples in either group, molecular differences are sufficient to distinguish D2-Gpnmb + samples. Despite these differences, D2-Gp1 and D2-Gp2 are still more similar to each other than any glaucoma stage. However, D2-Gp1 was more distant from the glaucoma stages than D2-Gp2 and was therefore used as the control group (D2-Gp) in this study (Figure 3 ). Comparing to D2-Gp2 provides similar overall results.
Identification of DE genes and bioinformatics analysis. Statistical analysis for differential gene expression between any 2 groups was assessed by genespecific fixed-effect ANOVA methods using the R/manova package (90) .
All P values were calculated by permuting model residuals 1,000 times. To address the problem of multiple testing, the permutated P values were adjusted using the false discovery rate (FDR) method (92) implemented in R/q value. The resulting q values estimated the proportion of false positives in the list of DE genes and were used to select suitable candidate gene lists for subsequent analysis. Unless otherwise noted, statistical significance was determined at q < 0.05 (FDR < 5%). Probe sets were annotated using Netaffx software (www.affymetrix.com/analysis/netaffx).
To identify pathways overrepresented in DE gene lists, the Database for Annotation, Visualization and Integrated Discovery (ref. 30) was used. Pathways showing upregulated and downregulated genes were constructed using Kyoto Encyclopedia of genes and genomes (KEGG) pathways (29) and Gene ontology terms (93) .
ONH/retina dissociation for flow cytometry. Eyes were enucleated from the mouse immediately after euthanization. Retinas and optic nerves were washed and dissected freely in 1× PBS. Retinas were placed in 50 μl 0.25% trypsin-EDTA and incubated at 37°C for 5 minutes, triturated, and returned to 37°C for 1 minute. The solution was further trypsinized by 100 μl 0.25% trypsin-EDTA, and remaining cell clumps were removed. Trypsinization was halted by soybean trypsinase. Optic nerves were placed in 50 μl 5 mg/ml Dispase HBSS (STEMCELL Technologies) at 37° C, with shaking for 1 hour. The digestion was stopped with DMEM/high glucose with FBS.
Cells were stained with the various antibodies for 45 minutes at 4°C. The cells were centrifuged at 300 g to 500 g for 5 minutes and then washed with 1× PBS containing 5 mM EDTA, 2% FBS, and 0.02% NaN3. Samples were centrifuged and washed one more time. Antibodies were titrated prior to use, and optimal concentrations were used. Compensation controls used rat/hamster BD CompBeads (BD Biosciences). Cells were sorted on a BD Biosciences LSR II SORP, with 4 lasers at the following wavelengths: 355 nm, 405 nm, 488 nm, and 633 nm. Acquisition was in FACSDiVa software (BD Biosciences) and analyzed with Flowjo (TreeStar Inc.). Antibodies used were CD106 (clone 429, BD Biosciences), F4/80 PE (Cedarlane), CD11b (clone M1/70, Biolegend), CD34 (clone RAM34, eBioscience), CD11c (clone N418, Biolegend), Gr-1 (clone RB6-8C5, Biolegend), CD45.2 (clone 1042.1 grown, purified, and labeled with Pacific Orange Protein Labeling Kit, Invitrogen).
Immunofluorescence. DBA/2J.Thy1-CFP mice were used to visualize RGCs (4). Immunofluorescence to visualize IBA1, MBP, CD68, EDN2, and NFL was performed as follows. Eyes were fixed overnight at 4°C in 4% PFA. Ret-inal whole mounts were processed as described previously (26) . Primary antibodies used were anti-EDN2 (Santa Cruz Biotechnology Inc., 1:100), anti-MBP (Chemicon, 1:500), anti-CD68 (Abdserotec, 1:500), anti-IBA1 (WAKO, 1:200), MECA-79 (Santa Cruz Biotechnology Inc., 1:50), and anti-NFL (DakoCytomation, 1:1,000). Fluorescence was visualized using an SP5 confocal microscope (Leica). For ONH sections, eyes were fixed overnight at 4°C in 4% PFA and processed as described previously (4) .
For all immunohistochemistry, at least 3 sections (ONH) or whole retinas from 6 to 10 untreated and radiation-treated DBA/2J eyes and at least 5 to 10 D2-Gpnmb + control eyes were assessed.
Monocyte counting. For the ONH, the Leica DMRE microscope system with MetaMorph software version 6.3r7 was used to image the optic nerve under a 10× objective. The optic nerve image was uploaded into Fiji software (http://fiji.sc/wiki/index.php/Fiji). The ONH region counted was defined as being from the top of the ONH to 50 μm past the myelin transition zone (MTZ). The software calculated the area of the region for each section. A microglia was defined as a DAPI-stained nuclei that was closely overlapping or touching a region of IBA1 staining ( Figure 6E ). Microglia in each region were counted, and the density of microglia (number of microglia per area of region) was calculated.
For the retina, the Zeiss Axio Observer Z.1 microscope was used to image the entire surface of the inner retina, with the 20× objective, creating a tiled image. The tiled image was uploaded into Fiji. The total area of the retina was calculated. IBA1 + CD68 + cells for each retina were counted and characterized as either ramified or round.
Cell tracking with CFDA. Splenocytes were labeled using 6-CFDA (Invitrogen) via intrasplenic injection. Lyophilized 6-CFDA was brought to room temperature and solubilized in sterile 1× PBS under aseptic conditions to reach 2% w/v. Mice were anesthetized using isoflurane. A vertical incision of one-third of an inch was made through the skin above the spleen to expose the peritoneal musculature. A second incision was made to the peritoneal musculature under the opening in the skin. Using forceps, the spleen was gently exteriorized through the 2 incisions. Using a cotton swab to stabilize the spleen, the spleen was injected directly with 100 μl of 2% 6-CFDA with a 30-gauge needle. The spleen was carefully replaced inside the peritoneal wall, and the peritoneal cavity was sutured using 5-0 coated vicryl in an interrupted stitch pattern. The outer incision was closed with 1 wound clip. The mouse was wrapped loosely in sterile gauze and placed under a warming lamp until fully recovered from anesthesia. 72 hours later, mice were sacrificed, and eyes were harvested and fixed in 4% PFA for 1 hour. Optic nerves and retinas were removed from the eyes and placed on a glass slide. CFDA was visualized using an SP5 confocal microscope (Leica).
Vessel measurements, EDN2 injections, and optic nerve crush. Retinas were fixed in 4% PFA overnight, placed flat on a slide, and coverslipped. Major arterioles were measured from 24 imaged fields that were evenly distributed around the retina, 1 mm out from the ONH. Images were taken using differential interference contrast on an SP5 confocal microscope (Leica). For each vessel, the diameter of both the lumen and the outer vessel wall (taken from widest part of the vessel present in the field) was calculated as the average of 3 measurements. The ratio of the lumen areas to the total vessel area was calculated (area = πr 2 , where r = radius). Bosentan, an endothelin receptor antagonist, was provided by Actelion Pharmaceuticals. Bosentan was incorporated into standard mouse chow (100 mg/kg).
For intravitreal injections of EDN2, 500 mM EDN2 peptide (dissolved in 2 μl of sterile 1× PBS, Invitrogen) was injected into the vitreous chamber using a Hamilton syringe with a 35-gauge needle. 1× PBS (vehicle) was injected as a control. Mice were 10-months-old at the time of injection and after 4 weeks, optic nerves were harvest and assessed for optic nerve damage (see Analysis of glaucomatous damage).
Controlled optic nerve crush was performed as described previously (83, 94) .
Statistics. In figures, all data are presented as mean ± SEM. For IOP data, 2-tailed Student's t tests were performed for statistical significance. For radiation experiments, differences in optic nerve damage distributions among groups were compared using χ 2 tests. Unless specifically stated in the text, P < 0.05 was considered significant.
Study approval. Experiments were conducted in accordance with the Association for Research in Vision and Ophthalmology statement on the use of animals in ophthalmic research. The Jackson Laboratory Animal Care and Use Committee approved all of the experiments in this study.
